Andersen, J. L., T. Gruschy-Knudsen, C. Sandri, L. Larsson, and S. Schiaffino. Bed rest increases the amount of mismatched fibers in human skeletal muscle. J. Appl. Physiol. 86(2): 455-460, 1999.-The effects of a 37-day period of bed rest on myosin heavy chain (MHC) expression on both mRNA and protein level in human skeletal muscle fibers were studied. Muscle biopsies from vastus lateralis muscle were obtained from seven healthy young male subjects before and after the bed-rest period. Combined in situ hybridization, immunocytochemistry, and ATPase histochemistry analysis of serial sections of the muscle biopsies demonstrated that fibers showing a mismatch between MHC isoforms at the mRNA and protein level increased significantly after the bed-rest period, suggesting an increase in the amount of muscle fibers in a transitional state. Accordingly, fibers showing a match in expression of MHC-1 and of MHC-2A at the mRNA and protein level decreased, whereas fibers showing a match between MHC-2X mRNA and protein increased after bed rest. Overall, there was an increase in fibers in a transitional state from phenotypic type 1 = 2A and 2A = 2X. Furthermore, a number of fibers with unusual MHC mRNA and isoprotein combinations were observed after bed rest (e.g., type 1 fibers with only mRNA for 2X and type 1 fibers negative for mRNA for MHC-␤/slow, 2A, and 2X). In contrast, no changes were revealed after an examination at the protein level alone. These data suggest that the reduced load-bearing activity imposed on the skeletal muscles through bed rest will alter MHC gene expression, resulting in combinations of mRNA and MHC isoforms normally not (or only rarely) observed in muscles subjected to load-bearing activity. On the other hand, the present data also show that 37 days of bed rest are not a sufficient stimulus to induce a similar change at the protein level, as was observed at the gene level.
adenosinetriphosphatase histochemistry; fiber-type transitions; hybrid fibers; immunocytochemistry; in situ hybridization; myosin; simulated microgravity HUMAN SKELETAL MUSCLE contains different fiber types, best characterized by the specific myosin heavy chain (MHC) isoforms. Adult human skeletal muscle fibers mainly express three distinct MHC isoforms (␤/slow, 2A, and 2X) (32) . In addition to fibers containing one of these three MHC isoforms, a number of ''hybrid'' fibers coexpressing various amounts of two MHC isoforms can be recognized. In a recent paper we have suggested that a combined detailed analysis of the distribution of MHC isoforms and transcripts in serial sections of normal human skeletal muscle will enable the identification of transitional fiber phenotypes and also enable the determination of the direction of change in MHC gene expression by correlating in situ hybridization, immunocytochemistry, and ATPase histochemistry (3) .
Periods without weight bearing have significant effects on skeletal muscle (4) . Most prominent is a decrease in protein synthesis (17) , loss of muscle mass, and loss of muscle strength (6, 15, 16, 27) . Experimental human models inducing unloading of the muscle are limited. Besides bed rest (5, 15, 24, 28) , exposure to microgravity in space (16, 37) , voluntary immobilization (6, 7, 9, 36) , or immobilization after surgery (20, 21) have been applied. Although unloading of muscle in animal models has been shown to induce fiber-type transformation within a 5-to 6-wk period (11, 35) , such transformations have not been obtained in human bed-rest (5, 8, 18, 24) or unloading (1, 6, 23) experiments as of now. This does not necessarily signify that fiber-type transformation is not in progression during a 5-wk bed-rest period but only that significant changes cannot be obtained at the protein level. Therefore, the purpose of the present study was to study how 5 wk of bed rest would affect the expression of MHC isoforms in human skeletal muscle on both the protein level and the mRNA level.
METHODS
Subjects. Seven subjects [age 28 Ϯ 1 yr, height 176 Ϯ 1 cm, body weight 74 Ϯ 3 kg (before) and 73 Ϯ 3 kg (after), not significant] completed a 37-day period of Ϫ6°head-down-tilt bed rest. Weight-bearing physical exercise or other countermeasurements were not allowed during the bed-rest period. The subjects volunteered for the study and gave their written consent (for further details, see Ref. 18) .
Muscle biopsies. Muscle biopsies were obtained from vastus lateralis muscle by the percutaneous conchotome method under local anesthesia before and on day 37 of bed rest (18, 27) . The muscle biopsies were trimmed, mounted, and frozen in Freon, cooled by liquid nitrogen, and kept at Ϫ80°C until further analysis.
In situ hybridization, immunocytochemistry, and ATPase histochemistry. In situ hybridization, immunocytochemistry, and ATPase histochemistry were performed in serial cryosections (10 µm). In situ hybridization was performed as previously described by using probes specific for human MHC-␤/ slow, MHC-2A, and MHC-2X (33) . The final concentration of
The costs of publication of this article were defrayed in part by the payment of page charges. The article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. 35 S-labeled cRNA probes was 25,000-50,000 counts · min Ϫ1 · µl Ϫ1 ; slides were processed for autoradiography by using Kodak NBT-2 emulsion and exposed for 8-12 days. The following antibodies were used: BA-F8, reactive with MHC-␤/ slow; SC-71 and BF-13, both reactive with MHC-2A and -2X (33) . ATPase histochemistry was performed at pH 9.4 after both alkaline (pH 10.30) and acid (pH 4.37 and 4.60) preincubation (12) .
Analysis of serial cryosections. To identify single-fiber types and transitional phenotypes and to determine their relative proportion, the serial sections were visualized and analyzed by using an Olympus BX40 microscope (Olympus Optical, Tokyo, Japan), a Sanyo high-resolution-color charge-coupled device camera (Sanyo Electronic), and an 8-bit Matrox Meteor Framegrabber (Matrox Electronic Systems, Quebec, Canada), combined with an image-analyzing computer program (Tema, Scanbeam, Hadsund, Denmark). By using the ATPase 4.6 staining, a fiber mask was drawn along the cell borders of the desired number of fibers. Images of the remaining ATPase stainings, the immunocytochemistry stainings, and the sections processed with specific probes by in situ hybridization were then fitted into the fiber mask. A number was assigned by the computer to each specific fiber, and the fibers were then displayed on the screen in serial fields. Single fibers were therefore easily identified and were visually classified as positive or negative for a given transcript and the corresponding protein isoform. Descriptive statistical analysis by the computer allowed determination of the relative proportion of the various fiber phenotypes and fiber-type sizes. We examined an average of 133 Ϯ 15 fibers in each of the 14 biopsies.
Statistics. The differences in proportion of normal and mismatched fibers in pre-vs. post-bed-rest biopsies were analyzed by the Wilcoxon ranking test for paired data. The P Ͻ 0.05 confidence level was chosen to indicate statistical significance. All data are presented as means Ϯ SE.
RESULTS

Histochemistry and immunocytochemistry.
No significant change in fiber-type distribution, as determined by ATPase histochemistry and immunocytochemistry, was observed after the bed-rest period ( , and 2X fibers, respectively); however, the differences were not statistically significant when single fiber types were compared.
In situ hybridization. The proportion of fibers positive for mRNA for ␤/slow alone decreased after bed rest (53.2 Ϯ 5.2 vs. 40.2 Ϯ 4.8%, P Ͻ 0.05). Similarly, the proportion of fibers positive for mRNA for 2A alone decreased after bed rest (31.7 Ϯ 5.3 vs. 19.1 Ϯ 4.3%, P Ͻ 0.05). In contrast, the proportion of fibers positive for mRNA for both 2A and 2X (10.0 Ϯ 2.1 vs. 15.8 Ϯ 2.4%, P Ͻ 0.05) and fibers positive solely for mRNA for 2X (4.5 Ϯ 1.5 vs. 19.1 Ϯ 4.1%, P Ͻ 0.05) increased after the bed-rest period (Table 2) . A small proportion of fibers positive for mRNA for all three MHCs (␤/slow, 2A, and 2X), negative for all three mRNAs, or positive for mRNA for both ␤/slow and 2X but negative for mRNA for 2A was observed (Tables 2 and 3 ). All these phenotypically atypical fibers were found in the post-bed-rest biopsies and were all typical type 1 fibers at the protein level.
Transitional fiber phenotypes. According to our earlier findings (3), human skeletal muscle fibers can be separated into fibers with corresponding expression of MHC at the mRNA and protein levels and fibers that display a mismatch between MHC expression at the mRNA and protein levels, the interpretation being that the former represents fibers in a steady state, whereas the latter may represent fibers in a transitional state (for detailed characterization, see Ref. Table  3 ). The proportion of fibers that, according to the above-mentioned scheme, can be determined as transitional in the direction 1 = 2A (1.1 Ϯ 0.5 vs. 4.5 Ϯ 1.7%, P Ͻ 0.05) and in the direction 2A = 2X (1.7 Ϯ 0.6 vs. 18.3 Ϯ 3.2%, P Ͻ 0.05) increased after bed rest. The proportion of fibers determined as transitional in the direction 2X = 2A decreased (10.2 Ϯ 2.1 vs. 1.6 Ϯ 1.0%, P Ͻ 0.05). The proportion of fibers characterized as atypical type 1 ''jump'' fibers (i.e., fibers positive only for MHC-1 protein but positive for the MHC-2X transcript) increased after bed rest (0.0 Ϯ 0.0 vs. 4.0 Ϯ 1.9%, P Ͻ 0.05) ( Table 3 , Fig. 1 ). Furthermore, after bed rest a number of fibers negative for ␤/slow, 2A, and 2X transcripts were observed in three of the seven subjects (Fig. 2) . All of these ''negative'' fibers were positive only for MHC-1 at the protein level.
DISCUSSION
The major result of the present study is that bed rest, covering a period of 37 days, can induce significant changes in the MHC mRNA levels, with an increase in the number of fibers expressing mRNA for MHC-2X and a decrease in the number of fibers expressing mRNA for MHC-1, without significant changes at the protein level, thus producing a significant increase in the proportion of ''mismatched'' fibers. This finding may reflect the existence of an incomplete transitional process because of the much longer turnover of the MHC isoproteins compared with that of the corresponding transcripts, as well as a slow incorporation of the newly formed isoproteins into the myofibrils (3). If this interpretation is correct, one could predict that MHC isoform changes at the protein level would be detectable after longer periods of bed rest.
Bed rest compared with spaceflight. Bed rest has been proposed as the best ground-based model to simulate the microgravity experienced by astronauts during spaceflight (14) . The few studies conducted examining fiber-type composition by ATPase histochemistry (18, 24) or both ATPase histochemistry and SDS-PAGE for MHC isoforms (8) all indicate that no significant changes occur after 5-6 wk of bed rest. These results are confirmed by the present data, showing no change in fiber type, when these are evaluated by ATPase histochemistry and immunocytochemistry. The most detailed results dealing with the effects of spaceflight on MHC expression in human skeletal muscle give some indications that exposure to microgravity in as short a time period as 11 days induced a significant decrease in type 1 fibers although the global MHC profile was not changed significantly (16, 37) , thus indicating that microgravity in spaceflight can be a somewhat more potent unloading stimulus than the ground-based bedrest model. This is to some extent confirmed by animal studies in which changes in MHC expression have been recorded after only 6 days of spaceflight (13) . Similarly, additional studies of rat muscle exposed to either 14 days of spaceflight or 14 days of hindlimb suspension indicate that spaceflight initiates a fiber-type transition faster than do the ground-based unloading models (26, 30) . In humans, substantial evidence of this assumption still needs to be confirmed by data from more extended periods (5-6 wk) of exposure to spaceflight. It should be stressed that there are important differences between the situation of spaceflight and the bed-rest model, both with respect to general conditions, e.g., stress, that may affect muscle properties, and with respect to muscle activity per se, e.g., the astronauts' performance of long daily exercises but with contractions that are almost completely unloaded.
Transcriptional or posttranscriptional regulation of MHC expression. It might be somewhat surprising that protein changes are not detected after 5 wk of bed rest. An alternative interpretation explaining this rigidity in MHC expression at the protein level could be that MHC isoforms are mainly or partly regulated at the posttranscriptional level. For a posttranscriptional transitioncontrolled process to occur, this would mean that, e.g., a commenced transition from a phenotypic type 1 to phenotypic type 2 fiber; i.e., a fiber with only MHC-1 protein present, would have to be positive for both mRNA for ␤/slow and 2A but for some reason would only translate the ␤/slow mRNA, and not the 2A mRNA, into protein, whereas a fiber containing only MHC-1 protein but negative for ␤/slow mRNA (and positive for mRNA for 2A or 2X or both) would be transcriptionally controlled. Because we frequently find fibers of this latter phenotype in the post-bed-rest biopsies, our results seem to support the notion that MHC isoform expression in adult human skeletal muscle is transcriptionally controlled, although some form of posttranscriptional modulation cannot be excluded.
Atypical type 1 fibers in post-bed-rest biopsies. The present data suggest that the shift in MHC mRNA and protein isoform expression induced by the deactivation of the muscles is more easily evoked between some isoforms than between others. This could be called the ''responsiveness'' of the muscle fibers to changes in stimuli going to the muscle fibers. The concept of responsiveness may be taken beyond the simplistic assumption that the conversion of phenotypes is progressive, following an MHC-1 k MHC-2A k MHC-2X pathway. In a recent study, Talmadge et al. (34) observed that 30 days after a spinal cord transection a smaller number of fibers or myonuclei in the rat soleus muscle apparently have the ability to jump the phase of MHC-2A expression and convert directly from express- Values are means Ϯ SE in %; n ϭ 7 subjects. MHC, myosin heavy chain. * Significant difference (P Ͻ 0.05) between before and after bed-rest values. † Fibers negative for all 3 MHC transcripts (␤/slow, 2A, and 2X). ing MHC-1 to expressing MHC-2X. The finding of the present study that a small number of fibers post-bed rest only contain MHC-1 at the protein level, but express only mRNA for 2X or mRNA for ␤/slow and 2X (Fig. 1) , might indicate a conversion from type 1 to type 2X fibers with only a transient type 2A phase or even without any type 2A phase. From both the observations of Talmagde et al. and the present study, it is evident that a considerable number of muscle fibers will continue to express the MHC isoform that they expressed before intervention, thus suggesting that there might be a limit to the plasticity of the MHC expression in certain fibers (10) . It has been suggested that the reason why apparently analogous slow fibers within the same muscle respond very differently to the same unloading stimulus has to do with differences in developmental pathways (10) . This seems reasonable, at least when normal physiological increases or decreases in muscle activity are considered. Although, for example, paralysis of human vastus lateralis muscle after a spinal cord injury eventually will lead to a situation in which the ␤/slow gene is nearly or completely turned off, such muscles as soleus and tibialis anterior in the same subjects will maintain at least some expression of ␤/slow, suggesting that the responsiveness of type 1 fibers is related to not only developmental history but also muscle origin (Ref. 2; Andersen, unpublished data).
A minor number of fibers were found to be nonreactive with all of the three mRNA probes (␤/slow, 2A, and 2X). All of these fibers were observed in the post-bedrest biopsies and were present in biopsies from three of the seven subjects. All of these negative fibers contained solely MHC-1 protein. In theory, these negative fibers could express 1) neonatal or embryonic mRNA for MHC, 2) no mRNA for myosin, or 3) a presently unidentified MHC mRNA. The negative fibers were found to be nonreactive with antibodies for embryonic MHC and neonatal MHC (data not shown). Furthermore, we have on a previous occasion observed corresponding fibers in a vastus lateralis muscle biopsy from a normal young subject recovering from heavy resistance training, and, on several occasions, in biopsies from very elderly subjects (J. L. Andersen, V. Smerdu, and S. Schiaffino, unpublished observations). On all of these earlier occasions these negative type 1 fibers were also nonreactive with mRNA probes for embryonic MHC, neonatal MHC, and MHC ␣-cardiac. If these negative fibers do not express any mRNA for MHC, one would believe that they have been transscriptionally ''silent'' for at least 2 days before the biopsy because the turnover time for MHC mRNA can be estimated to be in the range of ϳ2-3 days (29) . Another explanation for this phenomenon could be that some myonuclei within these fibers, because of the unloading of the muscle, temporally pass through a phase of lethargy. What seems to contradict this theory is the fact that these fibers could be confirmed negative in further serial sections in the same biopsy sample. Similarly, we have observed that these negative fibers are not more frequent in muscle biopsies from patients with paralysis caused by spinal cord injury, leading to a more permanent non-weight-bearing state (Andersen, unpublished observations). Animal models of unloading skeletal muscle indicate that the magnitude of atrophy is more severe in type 1 than in type 2 fibers (25, 31, 35) . Similarly, in unloading of animal muscle it appears that antigravity muscles, e.g., soleus, are more affected by atrophy than are muscles primarily used for locomotor and burst activity (10) . This more pronounced atrophy of type 1 than of type 2 fibers after bed rest is at least partly confirmed in some human bed-rest studies (8, 18) . If this apparently increased atrophy in type 1 fibers compared with type 2 fibers holds true, it could explain why some phenotypic type 1 fibers, as observed in the present study, have no expression of any mRNA for MHC after bed rest. This will leave them with no opportunity to substitute wasted MHC, leading to a slow, imperceptible atrophy of the type 1 fibers, at least in this particular period. Our data could not confirm a more pronounced atrophy of the type 1 fibers compared with the type 2 fibers. Finally, these phenotypic type 1 fibers could express some yet unidentified (assumed) MHC-1 isoform. In support of this view, an additional MHC-1 has been postulated to occur in both developmental and adult mammalian skeletal muscle in general (32) . Similarly, two very recent papers give a more detailed description of the existence of two different MHC I isoforms in rabbit skeletal muscle (19, 22) .
In conclusion, the present study is, to our knowledge, the first to demonstrate that non-weight bearing of human skeletal muscle will cause a smaller percentage of the type 1 fibers to rapidly switch to expression of mRNA for MHC-2X or pass through an apparent period of lethargy, during which no mRNA for the three major MHC isoforms is transcribed. Furthermore, the apparent upregulation of the gene expression of the 2X isoform, leading to an increased amount of mismatched fibers, which indicates a probable transition toward increased expression of MHC-2X, was not completed at the end of the experimental period. It remains to be seen whether a complete change in phenotype will occur in these apparently transitional fibers if the bed-rest period is extended further. It can, nevertheless, be concluded that, although 5 wk of bed rest are not enough to evoke a significant change in MHC isoform expression at the protein level, 5 wk will induce a shift in gene expression, leading to a relative increase in the transcription of mRNA for MHC-2X.
